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Abstract
Direct photon flow is measured by subtracting the contribution of decay photon
flow from the measured inclusive photon flow via the double ratio Rγ , which defines
the excess of direct over decay photons. The inclusive photon sample is affected by a
modest contamination from different background sources, which is often ignored in
measurements. However, due to the sensitivity of the direct photon measurement
even a residual contamination may significantly bias the extracted direct photon
flow. In particular, for measurements using photon conversions, which are very
powerful at low transverse momentum, these effects can be substantial. Assuming
three different types of correlated background contributions we demonstrate using
the Therminator2 event generator that the impact of the contamination on the
magnitude of direct photon flow can be on the level of 50%, even if the purity of
the inclusive photon sample is about 97%. Future measurements should attempt
to account for the contamination by measuring the background contributions and
subtracting them from the inclusive photon flow.
1 Introduction
Heavy-ion collisions at the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron
Collider (LHC) produce a state of matter where quarks and gluons are deconfined. This
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state of hot dense matter, the Quark-Gluon Plasma (QGP) is predicted by numerical
solutions of Quantum Chromodynamics [1].
One way to study the properties of the QGP is by measuring direct photons. Direct
photons, i.e. all photons excluding those from hadronic decays, are produced during ev-
ery stage of the collision evolution. They can be categorized in two regimes governed
by different production mechanisms, which to a large extent coincide with specific trans-
verse momentum ranges [2]. Prompt direct photons are produced in hard scatterings of
incoming partons, dominating the direct photon spectrum at higher transverse momenta
(pT >∼ 4 GeV/c). Thermal direct photons are emitted during the hot QGP and hadron
gas phases and dominate at lower transverse momenta (pT <∼ 4 GeV/c). Since photons
interact only weakly with the strongly coupled medium they provide unique information
of the produced system allowing one to deduce the initial temperature of the QGP from
calculations.
Direct photon spectra at low pT have been measured by the WA98 [3], PHENIX [4–6]
and ALICE [7] collaborations using direct (real photon) and indirect (virtual photon)
detection techniques. In the direct approach one usually measures the ratio of inclusive
photons over those from decays, quantified with the double ratio
Rγ =
Nγ,inc
Nγ,dec
=
(
dNγ,inc/dpT
dNpi0/dpT
)/(
dNγ,dec/dpT
dNpi0/dpT
)
MC
, (1)
in which correlated systematic uncertainties approximately cancel. The direct photon
spectra are simply given by the difference of Nγ,inc and Nγ,dec, expressed as Nγ,dir =
(1− 1/Rγ)Nγ,inc. At low pT, an enhancement of direct photons by 10–20% is observed
in central AA collisions, not seen in pp or dAu collisions [3–7].
Similarly, an azimuthal anisotropy (a.k.a. elliptic flow) of direct photons can be quan-
tified by subtracting the decay from the inclusive photon flow weighted by their respective
abundances, Nγ,dirvγ,dir2 = N
γ,incvγ,inc2 −Nγ,decvγ,dec2 , which can be expressed via Rγ as
vγ,dir2 =
Rγv
γ,inc
2 − vγ,dec2
Rγ − 1 . (2)
Measurements by the PHENIX [8,9] and ALICE [10] collaborations reported a suprisingly
large azimuthal anisotropy of direct photons, comparable to that of hadrons. These
observations suggest that the photon production occurs at later stages of the collision
when the collective flow of the system is fully developed, while the temperature and, hence,
the corresponding thermal photon rates are already reduced. Indeed, it is a challenge
for models to simultaneously describe the observed direct photon yields and azimuthal
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anisotropy at low pT, which is referred to as “the direct photon puzzle”, and has lead to
a large amount of recent theoretical effort to resolve the puzzle [11–22].
Experimentally, the measurement of direct photons has also been continuously further
scrutinized. In particular, there has been significant effort to improve the understanding
of the systematic uncertainties by measuring photons with different reconstruction tech-
niques, using calorimeters [4, 5, 7], photon conversions [7], and a combination of both [6].
Since Rγ is close to 1, and the inclusive and decay photon flow are similar in magni-
tude, the extracted direct photon flow is extremely sensitive to small corrections to vγ,inc2 .
In order to access the sensitivity of the vγ,dir2 measurement to a remaining contamina-
tion from a hadronic background, we use a parameterization of the ALICE preliminary
data [10] and the event generator Therminator2 [23] to model the residual background.
We demonstrate that even neglecting a small contamination in the measured vγ,inc2 can
lead to significant changes of vγ,dir2 . The article is devided into the following sections: In
Sec. 2 we briefly recall the measurement of vγ,inc2 , with particular emphasis on the purity.
In Sec. 3 we discuss a realistic model for simulating a residual contamination in vγ,inc2 .
In Sec. 4 we present and discuss the effects of subtracting various contributions of the
residual background on vγ,inc2 and v
γ,dir
2 . In Sec. 5 we conclude with a short summary.
2 Inclusive photon flow measurement and purity
The elliptic flow of the inclusive photon sample has been measured by reconstructing
photons in calorimeters [8] and via the photon conversion [9, 10] method. In both cases,
one attempts to have a clean photon sample free from major contributions of background
sources, and thus the photon purity has been maximized. For photons reconstructed with
a calorimeter one expects that the impurities arise from single misidentified particles (e±,
pi±,0, n, . . . ). For photons reconstructed from conversions into electron-positron pairs one
expects a combinatorial background from misidentified pairs (e−+e+, pi±+e∓, K±+e∓,
p±+e∓, . . . ). These background sources potentially carry elliptic flow and thus may
affect the measured vγ,inc2 .
To be able to correct for the residual contamination one needs to know the v2 of
the various background sources. The v2 for different contributions is additive, so one
generally has Nγ,totvγ,tot2 = N
γ,incvγ,inc2 +N
γ,bkgvγ,bkg2 . Experimentally, one can not obtain
an inclusive photon sample with 100% purity, i.e. 0% contamination (c), which implies
that vγ,tot2 6= vγ,inc2 . However, if c = Nγ,bkg/
(
Nγ,inc +Nγ,bkg
)
and vγ,bkg2 are known, the
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Figure 1: ALICE preliminary results for vγ,inc2 and v
γ,dec
2 (left panel) and Rγ (right panel)
measured using the photon conversion method in 0–40% PbPb collisions at
√
sNN = 2.76
TeV. The data are parametrized by a 3rd order polynomial for v2 and 2nd order polynomial
for Rγ to reduce the effect of fluctuations. The data points are from figure 4 in Ref. [10]
and 5 in Ref. [25], respectively.
vγ,inc2 can be corrected using
vγ,inc2 =
vγ,tot2 −
∑n
i=0 v
γ,bkg,i
2 c
γ,bkg,i
1−∑ni=0 cγ,bkg,i , (3)
where i denotes all possible background sources (1 ≤ i ≤ n), which have to be estimated
separately. If ci = 0, there is no correction, as expected. However, if at least one ci > 0,
there will be a correction depending on the purity and the strength of the respective vγ,bkg,i2 .
For photons reconstructed via conversion electrons, typical values for c at low pT are about
5% [24] and 1% [6]. In the case of the PHENIX calorimeter-based measurement [8] the
contamination of 20% from hadrons at low pT was already subtracted using Eq. 3, with
vγ,bkg2 replaced by the measured hadron v2, and an uncertainy of about 2% was assigned.
It is important to realize that due to the small value of Rγ even a small change in v
γ,inc
2
has a large effect on vγ,dir2 , since it gets amplified by a factor of 5–10, as can be seen from
Eq. 2.
In the following, we mostly concentrate on studies of measurements using photon
conversion for two reasons: i) Photon conversion measurements have a large impact at low
pT, where the signals related to possible thermal production are expected to be strongest.
ii) The effect of contamination is enhanced in a pair measurement compared to that
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of single particles. To study the impact of the inclusive photon impurities on direct
photon flow, the ALICE preliminary results [10, 25] are used as input to the calculation
together with a model for vγ,bkg2 discussed further below. The preliminary results for v
γ,inc
2
and vγ,dec2 and Rγ, shown in Fig. 1, have been measured using the photon conversion
method in Pb-Pb collisions at
√
sNN = 2.76 TeV for 0–40% centrality. In order to reduce
the effect of fluctuations in the subsequent calculation, the data are parametrized by a
3rd order polynomial for vγ,inc2 and v
γ,dec
2 and 2nd order polynomial for Rγ, respectively.
The contamination of the inclusive photon sample at low pT is about 5% [24], strongly
depending on pT and centrality.
3 Model of the inclusive photon flow background
In order to illustrate the effect that the purity correction from Eq. 3 may have on the
inclusive and direct photon v2, we construct a toy model for v
γ,bkg
2 . We assume that
vγ,bkg2 gets a contribution from charged pion flow, since in the photon conversion method
the electrons are selected using dE/dx information of the TPC. In particular at low
pT, the selection regions for electrons and pions overlap, and thus there are pions being
misidentified as electrons. Since pions carry a v2, a fake photon reconstructed from a
pi±+e∓ pair will do so as well. The same argument holds for kaons and protons and their
combinations. In addition, one also would expect a non-trivial effect from background
e++e− pairs. For the ALICE preliminary measurement the largest contribution to the
combinatorial background are the e++e−, closely followed by combinations of pi±+e∓.
These contributions only show a mild transverse momentum dependence, while others
contribute mainly below 2 GeV/c, like p+e±, K±+e∓, p+pi±, due to the crossing points of
the respective particles with the electron dE/dx expectation. At high transverse momenta
on the other hand charged pions are misidentified as electrons more often and thus the
pi++pi− contributions plays a larger role [26]. In reality, these contributions to the inclusive
photon sample and their v2 should be measured in data (or estimated using detector
simulations) and subtracted.
Instead, here, we simulate the possible pair background using the event generator
Therminator2 [23] in Pb-Pb collisions
√
sNN = 5.02 TeV for 0–40% centrality, employing
(2+1)-dimensional boost-invariant hydrodynamics. The reaction plane is known from the
generator output, and the particle v2 can be calculated using the 3-momentum vectors.
The single-particle v2 results for pi, K and p are shown in Fig. 2 and compared to the
measured data [27] for 0–40% PbPb collisions at
√
sNN = 2.76 TeV. The model reproduces
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Figure 2: Single particle v2 as a function of pT for pi, K and p calculated using Ther-
minator2 [23] and compared to the measured data [27] for 0–40% PbPb collisions at
√
sNN = 2.76 TeV. Fits to both sets of results are also included. For the experimental
data the fit uses a 3rd order polynomial (dashed line) and for Therminator2 a 5th order
polynomial (continous line).
(GeV/c)
T
p
0 1 2 3 4 5
2v
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
Coalescence (Data)
Coalescence (Therminator2)
/16pi < ψTherminator2, 
Therminator2
0-40% Pb-Pb pi + pi
(GeV/c)
T
p
0 1 2 3 4 5
2v
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
Coalescence (Data)
Coalescence (Therminator2)
/16pi < ψTherminator2, 
Therminator2
0-40% Pb-Pb piK + 
(GeV/c)
T
p
0 1 2 3 4 5
2v
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
Coalescence (Data)
Coalescence (Therminator2)
/16pi < ψTherminator2, 
Therminator2
0-40% Pb-Pb pip + 
Figure 3: Pair v2 as a function of pT simulated with Therminator2 (symbols) and derived
from single-particle v2 using a simple coalescence model. The pair v2 is calculated for
pi + pi, K + pi and p + pi systems and parametrized by a 3rd order polynomial. The
Therminator2 calculations are performed either without any opening angle cut (open
symbols) or with a cut of pi/16 (filled symbols). The coalescence type estimates use as
input a parametrization of either the data (dotted line) or of the single particle results
from Therminator2 (dashed line).
the data reasonably well. Only for kaons at larger pT substantial differences are observed.
Since without detector material the simulation does not contain converted electrons,
we can only calculate the contributions from the pair v2 for pi + pi, K + pi and p + pi
systems by summing up the 3-vectors of the two particles. It can be assumed, that at
least a fraction of the initial vpi
0
2 , from which most electron will originate, will be carried
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by the electrons. Thus in order to obtain a first estimate on the possible effects, we take
the pi+pi contribution as a reasonable approximation for the e++e− contribution as well,
though it will most likely underestimate the strength of the v2 at low pT. The pair v2
results from the Therminator2 simulations are shown in Fig. 3, for pairs without any
requirement on the opening angle ψ and with a cut of ψ < pi/16. The latter cut is applied
to mimic the conversion photon selection. As expected, a significant pair v2 develops for
both cases, and the values increase for the smaller opening angle. The effect observed
resembles that caused by the coalescence mechanism [28,29]. Stricter cuts on the opening
angle select two particles, which are closer in phase space. In the construction of the pair
the pT of the single particles are combined. For small ψ this is equivalent to the sum.
As a result, the pairs carry a stronger correlation at a higher pT, similar to coalescence
models.
The behaviour suggests that one might use the simple analytical scaling predicted by
na¨ıve coalescence models to calculate the pair v2. Following this idea, we calculate the
pair v2 estimated from measured pi, K and p v2 data [27] as v
a+b
2 (pT) = v
a
2(pT/2)+v
b
2(pT/2)
for particle species a and b. In addition, we have also applied the same summation to
the single particle v2 generated by Therminator2. For this purpose, the v2 results were
parameterized by a 3rd order polynomial for the experimental data and by a 5th order
polynomial for Therminator2, as shown in Fig. 2.
The results for pair v2 obtained by the two coalescence-like estimates are also shown
in Fig. 3. The estimates of the pair v2 from coalescence are found to be qualitatively
similar, with the pair v2 obtained using the parameterization from the data having a
steeper increase with pT than the ones from Therminator2. For the purpose of this
study the Therminator2 model provides a reasonable description, despite the fact that
the model does not perfectly describe the data. For the following analysis, we use the
parameterization of pair v2 coefficients from Therminator2 with an opening angle cut of
ψ < pi/16, when applying the contamination correction in Eq. 3.
4 Results
In this section, the inclusive photon flow vγ,inc2 shown in Fig. 1 is corrected using Eq. 3 for
different assumptions of vγ,bkg2 , shown in Fig. 3, and purity. The direct photon flow v
γ,dir
2
is calculated for the uncorrected and background corrected vγ,inc2 using Eq. 2.
Fig. 4 illustrates the effect of background v2 corrections on inclusive and direct photon
flow for different assumptions on the type of background. A pT independent inclusive
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Figure 4: Results of vγ,inc2 (top left panel) and v
γ,dir
2 (bottom left panel) using Eq. 3 to
correct for pi + pi, K + pi and p + pi contamination with c = 3%. The deviations (in %)
from the uncorrected vγ,inc2 and v
γ,dir
2 are shown in the corresponding panels on the right.
photon sample purity of 97% is assumed, i.e. a contamination of c = 3% originating from
pi+pi, K+pi and p+pi pair v2, respectively, is considered. As may be expected, the effects
on inclusive photon v2 are moderate, between +2% and −8%. The effect on the direct
photon flow, however, is considerable, between +60% and up to −90% depending on pT
and the type of background. The differences for the different particle species contributing
to the background are again rather moderate, obviously because the differences between
the assumed pair v2 are also rather small.
A straightforward next step is the study of the dependence of the correction on the
strength of the contamination, as shown in Fig. 5. Here, only the shape of the pi+ pi pair
v2 is used as v
γ,bkg
2 , but different levels of contamination of c = 1, 3 and 5%, respectively,
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Figure 5: Results of vγ,inc2 (top left panel) and v
γ,dir
2 (bottom left panel) using Eq. 3 to
correct for pi+ pi with c = 1, 3 and 5%. The deviations (in %) from the uncorrected vγ,inc2
and vγ,dir2 are shown in the corresponding panels on the right.
are assumed. This leads to slightly stronger effects, in particular for c = 5%. For inclusive
photon v2 effects are between +2% and −10%, for direct photons between +50% and up
to −120%. For c = 3% and restricting to about 3 GeV/c the effect on vγ,dir2 is about 50%.
In our calculations the shift from the correction is positive at low pT and becomes
negative at high pT. We do not want to attribute too much significance to these features,
as they depend crucially on details of the pair v2 values used for correction, and the
systematic uncertainty on those estimates is considerable. For example, if in reality the
pair v2 would be similar to the estimate of coalescence from data, shown in Fig. 3, then
the correction would imply a reduction of the vγ,inc2 , and hence the v
γ,dir
2 , everywhere.
Precise estimates require to measure the pair v2 in data, which is beyond the scope of this
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article.
5 Summary
ALICE preliminary v2 results (Fig. 1) for inclusive and direct photons reconstructed
from conversion electron and positron pairs are used to study the effect of a possible
contamination of the inclusive photon sample. The event generator Therminator2, which
employs (2+1)-dimensional boost-invariant hydrodynamics to describe the single-particle
v2 coefficients (Fig. 2), is used to model the elliptic flow of the possible pair background in
the photon conversion sample (Fig. 3). The effect on inclusive and direct photon v2 of 3%
contamination from pi + pi, K + pi and p + pi pairs (Fig. 4) and for varying contamination
from pi + pi pairs (Fig. 5) has been studied. While the effect on the inclusive photon v2
is moderate, between +2% to −10%, the effect on the direct photon flow is considerable,
between +40% and up to −120% depending on c and pT. For c = 3% and restricting to
about 3 GeV/c the effect on vγ,dir2 is about 50%. Below 2 GeV/c the considered shape
of vγ,bkg2 did not lead to a decrease of the direct v2, however the correlated background
originating from pairs with at least one e± has not been simulated. Our calculations
demonstrate that it is important to correct the inclusive photon sample as precisely as
possible for even small impurities.
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